The LHC experiments ATLAS and CMS have discovered a new boson that resembles the long-sought Higgs boson: it cannot have spin one, and has couplings to other particles that increase with their masses, but the spin and parity remain to be determined. We show here that the 'Higgs' + gauge boson invariant-mass distribution in 'Higgs'-strahlung events at the Tevatron or the LHC would be very different under the J P = 0 + , 0 − and 2 + hypotheses, and could provide a fast-track indicator of the 'Higgs' spin and parity. Our analysis is based on simulations of the experimental event selections and cuts using PYTHIA and Delphes, and incorporates statistical samples of 'toy' experiments.
would depend on the spin and parity of the X particle, offering potential discrimination between different spin-parity assignments [6] .
In this paper we point out that calculations of the V + X invariant mass distributions in antiproton-proton collisions at the Tevatron collider and proton-proton collisions at the LHC reflect these differences in threshold behaviour. In particular, the mean invariant mass M V X , as calculated using HELAS [7] and MadGraph [8] , would be very different in the J P (X) = 0 + , 0 − and 2 + cases, where we assume graviton-like couplings in the latter case. Specifically, we find in both parton-level simulations using PYTHIA [9] and more detailed detector simulations using
Delphes [10] that M V X(0 + ) M V X(0 − ) M V X(2 + ) , also after applying the experimental event selections and cuts. We use statistical samples of 'toy' experiments to analyze the potential discriminating power of the TeVatron and LHC experiments. These demonstrate that they may (soon) be able to discriminate between different J P assignments for the X particle using the V + X invariant mass distribution, which could provide a 'fast track' towards determining its spin and parity.
II. CALCULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS
The fact that the X particle has been observed to decay into a pair of on-shell photons implies, as is well known, that it cannot have spin one. The simplest possibilities are that it has spin zero or spin two, both of which occur in some theoretical frameworks. For example, there are many proposals for particles with the pseudoscalar assignment J P = 0 − , as well as the assignment 0 + expected for the Higgs boson of the Standard Model, and models postulating extra dimensions raise the possibility of a massive spin-two particle.
In the case of the 0 + assignment for the X particle, we assume the minimal V µ V µ X coupling, and in the 0 − case we assume the dimension-five effective coupling µνρσ F µν F ρσ X, where F µν is the field-strength tensor of the vector boson V . In the case of a spin-two X particle, there is considerable ambiguity in the possible couplings, with a five-parameter set of possibilities considered in [6] for the 2 + assignment, and a set of four possibilities for the 2 − case. We study the option that we consider the best motivated, namely the 2 + assignment with graviton-like couplings to all other particles including vector bosons 1 . We use in our simulations the HELAS library [7] , including its implementation of a massive spin-two particle with graviton-like couplings, and generate its production and decays using MadGraph. We implemented the pseudo-scalar couplings to gauge bosons and fermions, as well as Feynrules [11] and the UFO model format [12] for implementation into Madgraph.
As already mentioned, the reaction e + e − → Z + X was shown in [6] to exhibit significant differences in the energy dependence of the total cross section for X production in the J P = 0 +,− , 2 + cases, and other possible J P assignments were also considered. Here we apply the considerations of [6] to the related processespp, pp → {Z, W } + X. Discriminating power is provided by the threshold behaviour of the cross section. We recall that production is an s-wave process in the 0 + case, so that the cross section rises ∼ β close to threshold. In the 0 − case, on the other hand, the production mechanism is p-wave, and the threshold behaviour ∼ β 3 . In the 2 + case, many of the possible couplings make d-wave contributions to V + X production amplitudes, yielding contributions to the total cross section ∼ β 5 , and these contributions dominate in the case of graviton-like couplings. We note that Lorentz invariance and Standard Model gauge symmetries forbid dimension-four couplings of a massive spin-two particle, and that the flavour and CP symmetries of the Standard Model require it to couple flavour-diagonally to other particles via dimension-five terms that take the same forms as their energy-momentum tensors [13] . + cases:
For comparison, we note that the invariant mass distributions for the Z +bb background, shown as the green histograms in Fig. 2 for the TeVatron using the D0 cuts described below (left panel)
and the LHC at 8 TeV using the CMS cuts also described below (right panel), are sharply peaked towards low invariant masses close to threshold, even closer than the J P = 0 + case (II.1).
Encouraged by the differences seen in (II.1) and in 
FIG. 2:
The Z +bb background invariant mass distribution (green) at the TeVatron using the D0 cuts described in the text (left panel) and the LHC at 8 TeV using the CMS cuts also described in the text (right panel) compared with the two-lepton signal distributions in the Z + X invariant mass M ZX for the 0 + (solid black), 0 − (pink dotted) and 2 + (blue dashed) assignments for the particle X with mass ∼ 125 GeV.
III. DETECTOR SIMULATIONS FOR DIFFERENT SPIN-PARITY ASSIGNMENTS

A. TeVatron
The TeVatron experiments CDF and D0 have reported evidence for production of the X particle in association with Z → + − ,νν and W ± → ± ν [3] . In this Section we simulate these analyses using Delphes. We first apply the following baseline parton-level cuts at the generator level:
GeV, |η j | <2.5 and ∆R j > 0.5, where η is the pseudo-rapidity and R is the standard cone angle variable, and jets are reconstructed using the cone size R = 0.5
As shown in the left panel of Fig. 3 , the discrimination between the different possible spin-parity assignments survives the baseline cuts. We next proceed to implement event selections and cuts specific to the CDF and D0 experiments for analyses with two, one and zero leptons.
D0 and CDF
The D0 [14] selection cuts we implement are different for muons and electrons. In the muon case, we ask for a leading lepton with p T >20 GeV and |η | < 2, and a sub-leading lepton with p T > 15 GeV and |η | < 1.5. The electron category is characterized by two leptons of which at least one has p T > 15 GeV, and |η | < 1.1. Summing over the single-and double-tag categories, and adding the errors in quadrature, the number of events is 5.4 ± 0.3. The CDF [15] cuts we implement are more stringent. We ask for two or three jets, of which at least two have p T > 25
GeV, |η j | <2.5, and m jj > 25 GeV. Summing over all b-tagging categories, and adding the errors in quadrature, the number of events is 7.2 ± 0.6. Making fast simulations using Delphes, we find that the effects of these cuts on the M ZX distributions are mild, so that the discrimination between the different quantum numbers assignments is maintained, as shown in the centre and right panels of Fig. 3 , for the D0 and CDF experiments, respectively.
After the selection cuts, both collaborations perform a multivariate analysis. One can find in [14] a list of the variables used to train the random forest analysis, whose distribution depends on the quantum numbers of the candidate. The training was optimized for the 0 + hypothesis, and this could impact the overall efficiency of the analysis in the cases of the 0 − and 2 + assignments.
To illustrate this point, we show in Fig. 4 the differences in the distribution of the difference in azimuthal angles, ∆φ, between the dijet and dilepton systems for the 0 + and 2 + spin assignments.
However, the main discriminating variable is the dijet invariant mass, which is the same for all cases, so we expect only a moderate effect from the sensitivity of the angular variables to the X quantum numbers. 
CDF W
The analysis of this single-lepton channel has been published by CDF [16] , and 25.3 ± 1.4
signal events were expected In the four two-jet categories. At the parton level, we impose the cuts
GeV, |η j | <2.5 and ∆R j > 0.5. The CDF analysis requires exactly two or three jets with p j T > 20 GeV and |η j | <2. There is also a cut on missing energy that depends on the centrality of the lepton, with tighter cuts for forward leptons. If |η | < 1.1, the missing transverse energy / E T is required to be above 20 GeV, increases to 25 GeV in the forward region. The selection cuts maintain the discrimination between different J P assignments in the transverse mass variable
where the W transverse momentum is
as is shown in Fig. 5 . 
FIG. 5:
The effect of a fast simulation of the CDF W ± → ± ν + X →bb analysis [16] with Delphes on the transverse mass distributions for the different J P assignments. The discrimination seen in Fig. 1 is maintained.
3. CDF and D0 Z →νν + X →bb analyses Both CDF [17] and D0 [18] have published analyses of events with / E T and no detected leptons, which are sensitive to X production in association with Z → νν. We use Delphes to reproduce the selection cuts in both analysis. In the case of D0, the relevant cuts are p j T > 20 GeV, |η j | < 2.5,
In the case of CDF, the cuts applied include jets with p j T > 15 GeV and |η j | < 2.4, with the leading and subleading jets required to have p T > 25, 20 GeV, |η j | <2 and ∆R jj >0.8, and at least one having |η j | <0.9. In addition to these cuts, we apply the background rejection cuts
T ) 0.4. We plot in Fig. 6 the distributions in the transverse mass variable
where X corresponds to the two leading jet system. The number of signal events expected in all the D0 categories quoted as 59 ± 3 [18] , whereas the number of events expected in the CDF analysis is 37, with no errors quoted in [17] . with Delphes on the transverse mass distributions for the different J P assignments. The discrimination between the different spin-parity assignments seen in Fig. 1 is maintained.
B. LHC V + X →bb analyses
Both ATLAS [19] and CMS [20] have published the results of searches for associated V + X production, so far establishing upper limits in the absence of a significant signal.
In simulating the ATLAS analysis with zero leptons, the parton-level cuts we use in our sample generation are / E T > 120 GeV, p T > 80 GeV for the leading jet, and p j T > 20 GeV for all other jets. We also use the cuts ∆φ / E T ,j < π/2 for the two leading jets. We follow the CMS analysis by including a selection for V and X decays with dijet pairs and V decays boosted in the transverse direction, via the cuts listed in Table I . Other cuts on combinations such as m jj and m are automatically 100% efficient for the signal, as is the requirement for b-tagged jets. We note that jets are reconstructed using the anti-k T algorithm with cut parameter 0.5.
We display in Fig. 7 various kinematical distributions found after simulations of the ATLAS cuts (upper row) and the CMS cuts detailed in Table I (lower row) for events with two, one and zero identified leptons (left, centre and right panels). In almost every case, we see that the distributions for the 0 + , 2 + and 0 − spin-parity assignments for the X particle are clearly distinguishable. The only exceptions are provided by the transverse mass distributions for the CMS analysis of oneand zero-lepton events, where we see that the 0 − and 0 + cases are indistinguishable. This is a consequence of the boost requirements, which suppress low-mass V + X combinations. These requirements also squeeze together the m V X distributions for the two-lepton 0 + and 0 − , though these are still distinguishable in principle. 
IV. STATISTICAL PROCEDURE
The kinematic variable of interest for our analysis is x ≡ M V X or the related quantity M T , and we can quantify the significance of the separation between different spin-parity hypothesis through the use of a likelihood for the distribution in x. Since we are dealing with low statistics we consider an unbinned likelihood in the spirit of [21] .
The likelihood of a single event x i , for a spin-parity hypothesis s = 0 + , 0 − , 2 + , is given by a probability density function pdf s (x i ). This pdf is a normalized, high-statistics Monte Carlo histogram that takes into account detector acceptance effects and cuts on the distribution of the kinematic variable x. The full likelihood for x is then obtained by multiplying the pdf for each event i:
We follow the Neyman-Pearson approach in using the log-likelihood ratio for our test statistic, defined as
The separation significance between two spin-parity hypotheses A and B can be estimated by generating a large number of toy experiments to obtain a distribution in Λ. If the toys are generated for hypothesis A, then the distribution of Λ, f A (Λ), will be centered around a negative mean value.
Conversely, for toys generated according to hypothesis B the Λ distribution f B (Λ) will be centered around a positive mean, with the tails of the two distributions f A and f B overlapping to a certain extent.
For a given observed Λ obs , the probability of getting a more extreme value of Λ than the one observed assuming hypothesis A is
where
A similar definition can be given for the probability β assuming hypothesis B instead. These can be identified with the p-values quantifying the agreement between the observed data and the hypotheses.
We may restrict the definition of α and β to be always the integral towards the right and left tail end of the distribution, respectively. Then α is also defined as the "type I" error, namely the probability of rejecting hypothesis A given that it is true, and β is the "type II" error, namely the probability of wrongly accepting hypothesis A given that B is actually true. The "power" of the test is 1 − β, so that a high probability of getting a type II error corresponds to a test with weak power.
There are two ways of reporting the expected significance, reflecting different underlying philosophies. The first takes an asymmetric approach to the two hypotheses: the mean value of Λ under hypothesis A is the value of Λ obs that an experiment is expected to measure if hypothesis A is true, and one may quote the p-value β, the level at which we will then be able to exclude hypothesis B. By randomly sampling Λ obs from f A , one can give one-sigma bands for the expected significance for β. In this approach the value of α and β defined as the acceptance limit is fixed (for example to 0.05) and we seek to minimize β, the type II error. The second approach instead treats the two hypotheses equally by defining the acceptance region for hypothesis A (B) as lying to the left ( right) of Λ cutoff respectively, where Λ cutoff is the value of Λ for which α = β. Thus, whatever the value of Λ obs , the significance with which one hypothesis can be considered excluded and the other accepted is α (= β).
It is clear from these two definitions of expected significance that, given a distribution of Λ for the two hypotheses, the second (symmetric) approach will yield a more conservative significance than the first (asymmetric method). Since it is also the more objective method, below we quote this symmetric approach for the significance.
The significance α is usually translated into n standard deviations by finding the equivalent area under a standard Gaussian distribution 2 :
For example, α = 0.05 corresponds to n = 1.64, and the discovery standard of n = 5 corresponds to α = 2.87 × 10 −7 .
V. ANALYSIS USING 'TOY' EXPERIMENTS
We evaluated the expected separation significance using both the symmetric and the asymmetric method 3 , by generating 100 'toy' experiments corresponding to each of the analyses discussed above, namely the CDF, ATLAS and CMS 0-, 1-and 2-lepton analyses, and the D0 0-and 2-lepton analyses. These toys are designed to reproduce the statistics found in the corresponding analyses after implementing the event selections and cuts. We have checked in specific cases that the separation significances quoted below are quite insensitive to the number of 'toys' beyond 100.
In modelling each analysis, we neglect the contaminations by backgrounds: their simulation would be more complicated and take us beyond the scope of this work. We note that the backgrounds in the TeVatron analyses are in any case very small in the bins with log 10 (s/b) > −1.5 [3] . The backgrounds in the LHC analyses are currently larger, but we expect them to decrease as the analyses are refined. Fig. 8 illustrates how these toys can be used to estimate the statistical separations between a pair of J P hypotheses that can be achieved, using the example of the D0 zero-, one-and twolepton analyses. A set of 100 'toy' experiments was generated for each of these analyses, and the results combined. The horizontal axis is the symmetric test
The separation between the distributions generated for the J P = 0 + and 2 + hypotheses (green shaded dotted blue and open blue solid histograms, respectively) is clear. not directly applicable at present. However, we expect the signal/background ratios to increase as the analyses progress, and the results in Table II suggest levels of separation to which improved analyses could aspire.
In the cases of the LHC analyses, we have also generated toys simulating the larger numbers of signal events that will become available in the future, with the results illustrated in Fig. 9 (neglecting backgrounds, as before). The left panel shows how the statistical significance in the CMS two-lepton analysis, in numbers of σ, of the separations between the 0 + and 2 + hypotheses (upper points and red line to guide the eye) and between the 0 + and 0 − hypotheses (lower points and blue line) would increase with the number of signal events N surviving the experimental selection and cuts. The right panel shows a similar analysis for the ATLAS two-lepton analysis.
We see again that it will be easier to discriminate between the 0 + and 2 + hypotheses than between the 0 + and 0 − hypotheses, and that the hypotheses can be distinguished cleanly if the backgrounds can be suppressed.
Experiment Category Hypothesis A Hypothesis B Significance in σ LHC experiment, using in each case 100 'toy' experiments with similar event numbers to the data, using the symmetric method of hypothesis testing described in the text. 
VI. CONCLUSIONS
We have shown in this paper that the invariant mass distributions for V + X combinations, M V X , are theoretically very different for the J P = 0 + , 0 − and 2 + assignments for the new boson with mass ∼ 125 GeV recently discovered by the ATLAS and CMS Collaborations [1, 2]. Making simulations using PYTHIA and Delphes, we have also shown that these differences survive the experimental event selections and cuts in searches for X production in association with two-, oneand zero-lepton decays of the heavy vector bosons Z and W . We have also used simulated 'toy' experiments to estimate the statistical separations that could in principle be attained by the CDF, D0, ATLAS and CMS experiments if the experimental backgrounds were negligible.
In the case of the TeVatron experiments, our analysis indicates that the data currently available should be able to discriminate between the 0 + and either the 2 + or 0 − hypotheses with high significance, assuming that the backgrounds are small. The latter is not a good assumption for the LHC experiments, but we show what statistical separations might be attainable with increased data sets and reduced backgrounds.
Analyses of the possible backgrounds go beyond the scope of this paper. However, we think that our analysis already demonstrates the potential of M V X measurements to provide valuable insight into the possible J P assignment of the X particle. It may well be that its J P will be determined by a combination of different measurements that each make contributions to the global likelihood.
In this perspective, we hope that the the M V X measurements proposed here will play useful roles.
